We present spectroscopic and UBV(RI) C JHKLM photometric observations of SN 1987A in the Large Magellanic Cloud made between days 793 and 1770 after the Kamiokande-II neutrino event, as well as some CCD UBV{RI) C photometry from day 640 to day 792, which overlaps the interval covered in the preceding paper of this series. During the period from about day 670 to day 1260, the U-to M-bolometric magnitude (hereafter M um ) of the supernova and its adjoining circumstellar ring (hereafter 'the enclosed supernova') dimmed at an increasingly slower rate than during the preceding interval from day 500 to day 670. The rate of dimming steadily increased again between days 1270 and 1770. From day 1000 onwards, the light of the circumstellar ring made an increasingly significant contribution to the light of the enclosed supernova, and by day 1250 had become so dominant that it is probable that useful Earth-based photometry of the bare supernova itself was not feasible thereafter.
INTRODUCTION
Spectroscopic and photometric observations of SN 1987A made at the Sutherland Observatory of the South African Astronomical Observatory (SAAO) have been published in Papers I to VI of this series (Menzies et al. 1987; Catchpole et al. 1987 Catchpole et al. , 1988 Whitelock et al. 1988; Catchpole et al. 1989 and Whitelock et al. 1989, respectively) . In this paper we present spectra and infrared photometry obtained from JD 2447641, the last date considered in Paper VI, to JD 244 8054, as well as CCD optical photometry for the period from JD 2447490 to JD 2448620 (days 640 to 1770 after core collapse). Some of these results have been discussed already by Whitelock, Menzies & Caldwell (1991) , although the details of the observations were not presented in that paper. The infrared observations became increasingly more difficult to obtain with the 1.9-m telescope at SAAO and supplementary data were obtained at the Anglo-Austrahan Observatory (AAO). A major change during this interval was the switch to CCD UBV(RI) C data from the photoelectric photometry of previous papers. As the supernova dimmed, the crowding effects of faint nearby stars in its neighbourhood became more prominent and centring in the aperture of a photometer more critical. As indicated in Section 3 below, there was a lengthy period of overlap between the photoelectric and CCD observations. Apart from a zeropoint difference at V, the two data sets are compatible in the overlap period, and we present only the CCD results here. As in the earlier papers, we adopt the time of supernova outburst to have been JD 2446849.816,1987 February 23.316 , the distance modulus of the LMC to be 18.5, and the interstellar absorption to the supernova tobe A v = 0.6.
SPECTROSCOPIC DATA
Spectra were obtained irregularly during the interval discussed here. As previously, the detector was the twochannel intensified Reticon on the grating spectrograph at the Cassegrain focus of the 1.9-m telescope at Sutherland. A slit width corresponding to 2 arcsec on the sky was used, while the length perpendicular to the dispersion was usually 6 arcsec at position angle 90°. The reduction techniques have been described in Paper VI. The observing dates and corresponding heliocentric Julian dates are listed in Table 1 . Some of the spectra, at approximately monthly intervals, are displayed in Figs 1(a) and (b) .
The superficial appearance of the spectrum changed very little, except that as the supernova faded the narrow emission lines from its circumstellar cloud became more prominent. (Menzies 1991) . It became progressively more difficult to allow for the effect of the 1.5-arcsec companion (PA 110°; referred to as star C later) as the supernova dimmed. Since the position angle of the slit is normally 90°, the companion star always makes a contribution to the spectrum, which varies with seeing and with guiding. Furthermore, the Reticon samples sky patches 30 arcsec east and west of the 3 CCD UBV(RI) C PHOTOMETRY CCD UBV(RI) C data were obtained with the 1.0-m telescope at SAAO Sutherland using an RCA 320x512 chip. The frames were cleaned with Starlink, and later iraf, software and reduced using dophot (Mateo & Schechter 1989) . Fig. 2 shows a finding chart, with an arbitrary numbering scheme, for the brightest stars in about 6 arcmin 2 of sky surrounding the supernova. The stars in this region which were found to have a small photometric scatter were used as frame standards. The absolute zero-point was calibrated on several occasions with respect to standard stars in the LMC and in the E regions , with an estimated absolute accuracy of ± 0.02 mag in U and of ± 0.01 mag in BV(RI) C . A subset of these standards, the choice of which depended on the waveband and on the placement of the supernova on the frame, was used to set the zero-point for each frame. The colour equations during the interval until the 1991 December observing season were found to be The last few photometry points were obtained with a different filter set and the results were transformed to the natural system of the remainder of the data. The colour equations above are virtually the same as the standard colour equations pertaining to this telescope and filter set as verified from time to time in this interval by the SAAO staff astronomers.
Accurate photometry presented many problems as the supernova faded. There is interference from the nearby stars, B and C, at offsets of 3 and 1.5 arcsec, respectively. An elliptical circumstellar ring of dimensions 1.1 by 1.6 arcsec encircles it (Jakobsen et al. 1991) . The neighbourhood has other nebulosity that is troublesome (Wampler et al. 1990) , and the location is on the periphery of a group of stars which may be a cluster (Efremov 1991) . Observations were made by several observers under a wide variety of seeing conditions and over a large range of airmasses as opportunity permitted. To make the CCD reductions as automatic as possible, an altered version of dophot was developed which Observations of SN1987A -VII 315 Figure 1 . Spectra of SN 1987A in (a) 1989 and (b) 1990 . The spectra are displaced vertically with respect to one another for clarity. The zero level for each spectrum is shown as a short horizontal line below the short-wavelength end. In (a) the scale for the top four spectra is 10 units per division, for the fifth it is 5 units per division, and for the bottom three it is 2.5 units per division, where one unit represents 1.0 x 10" 14 erg cm " 2 s " 1 Â -1 . In (b), the scale is 1 unit per division.
produced what was considered to be, under the circumstances, the most useful information about the dechning supernova from such disparate data. The measurement made on each frame was chosen to be the digital aperture magnitude of the ensemble of the enclosed supernova plus its two companions B and C (hereafter 'the supernova clump'). The magnitudes in Table 2 were obtained by integrating the flux over a digital aperture centred on the flux centroid of the supernova clump. The aperture was square with side 12-13.5 arcsec depending on the seeing. The sky aperture was square with twice the side and three times the area, enveloping the central aperture. All other objects, down to a low threshold, found in these apertures were removed by automatic point spread function (PSF ) fitting or cosmic ray removing routines. In practice, the measurement includes the entire flux of the supernova clump out to, but not including, such other nearby stars as Walker & Suritzeff's (1990, identically determined magnitudes for the frame standards. In contrast to our practice in previous papers, all the optical photometric results are presented in the natural system of the instrument. Conversion of the results to the standard system, given the pecuharity of the supernova spectrum and the gaps in the multicolour data, was not considered to be useful. Although three decimal figures are provided in Table 2 , this is not meant to imply such accuracy of the individual magnitudes, but is rather intended to facilitate accurate systematic comparison of these data with other data. Typical
Observations of SN 1987A -VU 317 Table 3 . Frame-standard aperture magnitudes defining the natural Although larger numbers of stars were tried, the eight stars listed in Table 3 (or subsets for certain colours) give, in the median, the most satisfactory control on the zero-point to attach to each frame. These relative aperture magnitudes (in the natural system) are extremely well constrained (to a few mmag) because there are roughly a hundred frames in each colour. They differ from the corresponding results from PSFfitting photometry at the 0-2 per cent level because of. differential crowding effects. Table 3 thus expresses our absolute zero-point, in the natural system. Tables 4 and 5 compare the photometric system of Tables  2 and 3 with two other data sets of particular interest. Table  4 compares the 1.0-m CCD digital aperture photometry of the supernova clump (Table 2 ) with the SAAO 0.5-m photoelectric photometry described in our previous publications and obtained since. Making allowances for the differences in aperture sizes, sky placement and treatment, and for secular trends, a careful comparison finds good agreements except in the V filter. This puzzling discrepancy remains unexplained. Table 5 compares the 1.0-m CCD photometry of the local standard stars (Table 3 transformed to the standard system) with the Cerro Tololo Inter-American Observatory (CTIO) photometry in Walker & Suntzeff (1990) . When one considers that this involves the vexed problem of absolute zeropoint calibration of crowded CCD frames, the agreement seems mostly satisfactory except for /. The difference at I may be due to the very different filter passbands used at the two places (Menzies 1989) .
To track the luminosity of the supernova, the approach used here was to observe sufficiently frequently that a smoothed fit to the clump magnitude as a function of time could be produced, and to subtract from this a best estimate for the other stars in the clump (discussed below). The resulting measurement is of the flux in the bare supernova and circumstellar ring together. This differs from the approach of Walker & Suntzeff (1991) , who compared the flux in the central few pixels of the bare supernova to a similar measurement taken for their frame standards. Their measurement at early times gave almost all weight to the bare supernova and little to the ring (depending on the seeing).
Examination of good-seeing frames in the transition time interval from about day 1000 to day 1250 shows that the enclosed supernova PSF begins to grow noticeably wider in FWHM compared to simple stars at this stage. From day 1250 onwards, the light from the bare supernova has been largely overwhelmed by that from the ring, depending on the waveband and the seeing. The CITO measurements, contingent on the same factors, would seem to become increasingly dependent on the light in the ring and less upon the idealized bare supernova. By day 1770, the bare supernova has effectively faded permanently into the fight of the ring.
Figs 3(a)-(e) allow the complementary approaches of the SAAO and CTIO data reductions to be compared. The open circles are the SAAO supernova-clump aperture magnitudes, while the solid fine is the curve connecting a smoothed version of the data points. The dots are the magnitudes after the subtraction of the contribution of the companion stars from the smoothed supernova-clump magnitudes, and their vertical error bars illustrate the effect of a 0.02-mag uncertainty in the net magnitude of the companion stars in each waveband. The aperture method appears to have yielded data of comparable precision to that obtained from PSF fitting until late in the period discussed here. The crosses are the CTIO measurements of the bare supernova core PSF (transformed, for consistency, to the SAAO natural system), without the benefit of any smoothing such as was performed on the SAAO clump magnitudes. The divergence and reconvergence of the two sets of data from day 1000 onward probably reflect the effects of the changing sizes and relative contributions of the components of the supernova clump, as discussed in the paragraph above. At the end of the period, the V magnitude of the supernova clump agrees very well with the combined magnitude of the companion stars, which means that the enclosed supernova has disappeared in V. The trends evident in Figs 3(d) and (e) suggest that the same is probably true for B and U, although we do not have any data beyond day 1562 for B and day 1543 for U. The supernova remains unmistakably present in I c and, in particular, in R c -
The estimated magnitudes of the companion stars in the supernova clump were obtained from PSF fits to the images Because of the proximity of star C to the supernova, acceptably accurate fits could be obtained only after JD 2447800 in U and after JD 2448140 in B and F, provided that the seeing was good. There is evidence (Elias, private communication) that star C had been fading prior to this, but our UBV data are consistent with its being constant in the time interval that they cover. The results on the standard system are cited in Table 6 . The JHKL magnitudes for star B and the {RI) C JHKL magnitudes for star C were derived from an analysis of the values in the (bluer) wavebands that were measurable. On the basis of data given by Schmidt-Kaler (1982) , the UBV magnitudes of stars B, C, 2, 4, 6 and 7 yield the photometric spectral types and reddenings given in Table 7 . The colours of star C are certainly problematical, and the adopted type represents our best 'force fit' of star C into the Schmidt-Kaler tabulation. Wang et al. (1992) found star G to be of type Be. They quoted UBV{RI) C magnitudes obtained by CTÏO astronomers for this star and cited evidence for variability. While their UBV magnitudes agree well with ours, those at {RI) C are about 0.3 mag brighter than ours.
With the calculated reddenings and spectral types, we were able to predict {RI) C JHKL magnitudes for stars B and C, and {RI) C magnitudes for stars 2, 4, 6 and 7. We used the intrinsic BV(RI) C relations from Cousins (1978) , unpublished SAAO relations for BV-JHKLM and the following extinction ratios relative to E(B-V): A comparison between the observed and predicted (5/) c magnitudes for stars 2, 4, 6 and 7 shows satisfactory agreement. The predicted magnitudes for the redder wavebands of stars B and C are cited in Table 6 . Walker & Suntzeff (1991) called attention to an additional very faint nearby companion, which they called star 4 (not the same one as in Note: magnitudes with ± are measured; those without ± are inferred. 
INFRARED PHOTOMETRY
In Table 8 we give the infrared photometry obtained with the Mkm photometer on the SAAO 1.9-m telescope since JD 2447641, the date of the last entry in table 3 of Paper VI. Some infrared photometry was also obtained with the 3.9-m telescope of the Anglo-Australian Observatory; these data are Usted in Table 9 . Different aperture sizes were used depending on the observing conditions, although the chop amphtudes were always 30 arcsec at SAAO and 20 arcsec at the AAO. Since the field around the supernova is complex, the interpretation of the data may depend on the exact size of aperture and chop amphtude employed for any given measurement, so we give the aperture sizes in Table 8 . The errors of measurement for /, H and K were always 0.03 mag or less. For L, L! and M, the errors for each measurement are given in the table. These errors are a strong function of the observing conditions, since the supernova became rather faint in these wavebands. Fig. 4 illustrates the infrared data.
Infrared images of the field surrounding 1987A were obtained on JD 2448228 and 2448229 with IRIS on the AAT. The images were analysed with daophot to give relative JHK magnitudes for the supernova, for stars B and C, and for star 4 referred to in the previous section. Using the supernova magnitude to set the zero-point, the following values were obtained for stars B and C. Star B: /= 15.33±0.13, //= 15.17±0.03, £=15.20±0.14 mag; Star C: J= 15.66 ± 0.10, H= 15.57 ± 0.07, K = 15.41 ± 0.15 mag. The errors are the standard deviations obtained from nine frames in /, eight in K and six in //, and do not include the uncertainty on the zero-point. The values for star B are in good agreement with those quoted in These values represent upper limits on the possible errors incurred at earlier times, because at those times the super-nova was brighter and because uncertainties in guiding or centring mean that the interfering star was probably only partly included in the sky aperture.
BOLOMETRIC MAGNITUDES
The U-io-M magnitudes were smoothed and corrected for the contributions of stars B, C and Walker & Suntzeff's (1991) star 4. Star 4 added significant flux only at IJHK. Star C is variable but, judging by the light curves of Elias (private communication), its contribution to the combined light was fortunately important only during the period in which we were able to measure it reliably (see Section 3). The smoothed and corrected magnitudes were fitted by a polynomial that gave a plausible representation of the data and are tabulated at 10-d intervals in Table 10 . In several cases, it was judged reasonable to use the polynomial to extrapolate the trends in a plausible way for a small extent beyond the data. The Observations of SN1987A -VII 321 columns marked U to M in Table 10 give these results. Bolometric magnitudes were derived by correcting for absorption and then spline-fitting the individual magnitudes in a flux-frequency plot (cf. e.g. Paper V, fig. 6 ). Table 9 gives M um , M uk and as well as the half-life in days, P, of the U-to-M light calculated from the relation P~l = 1.3288 x (d/d t)M UM . In the cases of M UK and M uh the lack of redwaveband data was dealt with by connecting the reddest available flux point to the point at zero frequency, zero flux. After day 1400, there remains no way to infer a value for M uk directly from either the photometry or its extrapolation. M uk was therefore inferred by arbitrarily extending to later times the constant offset of (M UK -M^) pertaining shortly before day 1400. The same considerations apply to M um after day 1100, so M um was inferred by noting that the offset (M um -M uk ) was tending towards zero before day 1100, and using this trend thereafter. Fig. 5 illustrates the run of the smoothed enclosed supernova colours relative to a common denominator, Mu M . Ignoring the exaggerated waviness in some instances, particularly with U (caused by fitting data which are too sparse at late times), one can discern the trends of colour from day 600 to day 1600. Initially, the relative contributions from the different wavebands remain reasonably constant, although that from M declines strongly and that from K steadily grows. After about day 1200, a moderate dechne in the blue is compensated for by an increase in R.
ENERGETICS
In the earlier papers, it was shown that until day 792 the energy from the radioactive decay of 0.078 M 0 of 56 Co, with a small contribution from 57 Co, could be equated to the sum of (1) the U-to-M light, (2) the theoretically modelled highenergy flux (y-rays and X-rays), and (3) the estimated 95 190.1 15.63 14.99 191.7 15.70 15.03 193.0 15.78 15.07 194.7 15.85 15.11 196.4 15.92 15.15 198.4 16.00 15.19 200.1 16.06 15.23 200.2 16.13 15.27 199.5 16.18 15.31 198.5 16.24 15.36 197.5 16.28 15.39 197.5 16.31 15.44 197.1 16.34 15.48 196.0 16.36 15.52 195.2 16.37 15.56 194.1 16.38 15.60 193.3 16.38 15.64 191.3 16.38 15.68 188.7 luminosity of dust in the supernova ejecta. Since then, {U-B) has remained very blue, suggesting that significant flux may be emerging in the vacuum ultraviolet, while useful data at 10 and 20 pm have become increasingly difficult to obtain. Fig. 6 illustrates some aspects of the energy budget of the supernova in the light of the data presented here. The longdashed lines give the radioactive decay energy provided by an initially created amount of 0.078 M 0 of 56 Co and the corresponding amounts of 57 Co, 44 Ti and 22 Na, assuming solar abundance ratios. The dot-dashed lines represent that portion of the radioactive decay energy which, according to the models of Woosley, Pinto & Hartmann (1989) , is trapped and thermalized in the supernova ejecta; the rest escapes as y-ray and X-ray radiation. The values were calculated from the model of Woosley et al. (1989) , based on model 10HMM of Pinto & Woosley (1988) . The conversion from erg s _1 to mag was carried out as in Paper IV. During the period considered here, if the isotope ratio is solar, 57 Co takes over from 56 Co as the main energy source after day 1180, and its contribution remains dominant over that of 44 Ti until day 1450. For an isotope ratio of 4 times solar, 57 Co takes over after day 970, and remains dominant until the end of the period discussed here. The solid line in Fig. 6 shows the inferred run of M um from the data presented here. The enclosed supernova dimmed at an increasingly slower rate from about day 670 to day 1260, as can be seen from the variation of the half-life, P, listed in Table 10 . After day 1260, the rate of dimming steadily increased again.
Several factors could cause the U-to-M flux to fall short of the predicted thermalized energy of the ejecta. Principally, the radiation emitted in the vacuum ultraviolet and in the infrared beyond -10 pm is not taken into account. Also, it was shown in Paper VI that clumping of the ejecta could depress the U-to-M flux. On the other hand, the reradiation of energy into the line of sight from the circumstellar ring ought not to be tallied in the energy budget. This begins to contribute to the U-io-M flux from about day 1000 and becomes significant by day 1250. By this latter date, with Earth-based techniques, the confusion of the bare-supernova light with the surrounding-ring light starts to become severe. We can only argue that there is no obvious conflict in Fig. 6 between the data and the modelling of the bare-supernova energetics in terms of radioactive decay with normal solar abundance ratios. Our conclusion relating to the 56 Co/ 57 Co ratio agrees with earlier observational determinations by Varani et al. (1990) from the decline of the [Co n] 1.55-pm line, and by Danziger et al. (1991) from the decline of the [Con] 10.5-pm line. More recently, Kurfess et al. (1992) have claimed that observations with the Oriented Scintilla-DAYS SINCE CORE COLLAPSE Figure 6 . The inferred values for M um from the enclosed supernova (solid line) are compared with the predictions of Pinto & Woosley's (1988) model 10HMM. The dashed lines are magnitudes corresponding to the total available radioactive decay energy, and the dot-dashed Unes are the portion predicted to be trapped, thermalized, and re-emitted longwards of the X-ray regime. The effects of different Co isotope ratios -once, twice and four times the solar value -are illustrated.
tion Spectrometer experiment (OSSE) at the Compton Gamma Ray Observatory (GRO) of y-ray emission from 57 Co in SN 1987A are not consistent with a ratio of 56 Co/ 57 Co as high as 5. This is the last of our series of papers on SN 1987A. Together, these papers stand as the most comprehensive review in the literature of the behaviour of the light curve of a Type II supernova. This was only made possible thanks to the cooperation of the astronomers who contributed data during the period of almost 5 yr covered by the investigation. The results provide a testbed for theoretical models and constitute a benchmark for judging future examples of this type of supernova.
